The curved planes of the human dentition seen in the sagittal view, the 33 mandibular curve of Spee and the maxillary compensating curve, have clinical 34 importance to modern dentistry and potential relevance to the craniofacial evolution of 35 hominins. However, the mechanism providing the formation of these curved planes is 36 poorly understood. To explore this further, we use a simplified finite element model, 37 consisting of maxillary and mandibular "blocks", developed to simulate tooth eruption, 38 and forces opposing eruption, during simplified masticatory function. We test our 39 hypothesis that curved occlusal planes develop from interplay between tooth eruption, 40 occlusal load, and mandibular movement.
Viewed in the sagittal plane, the concave occlusal curvature of the mandibular 50 dentition is a naturally occurring phenomenon seen in modern humans and fossil 51 hominins [1,2], Commonly described as the curve of Spee [3, 4] , this occlusal curvature 52 (Fig 1) is proposed to have functional significance during mastication [5] [6] [7] [8] and is 4 76 unopposed by another tooth, the molar will continue to erupt (i.e., super-eruption), 77 irrespective of the curves formed from the remaining teeth. In other words, occlusal 78 loading must be involved in development of the curves. Lastly, it seems likely that the 79 development of these curves must be related to mandibular movement, constrained 80 within a pathway determined by muscular and ligamentous attachments, either during 81 function or during parafunction, the latter including bruxism and other activities not 82 related to eating, drinking, or talking. 83 Considering the application of occlusal forces to the teeth during functional and 84 parafunctional tooth contact, and the equilibrium theory of tooth position [28] , it is 85 conceivable that the development and maintenance of the curve of Spee and 86 compensating curve, results from the interplay between tooth eruption, occlusal loading, 87 and mandibular movement during function.
88
The purpose of this investigation is to test the hypothesis, using a simplified finite 89 element model (FE model), that mandibular curve of Spee and maxillary compensatory 90 curve develop from a predictable interplay between tooth eruption, occlusal load, and 91 mandibular movement.
92

Materials and methods
93
The finite element method uses discretization to compute approximations to space-and 94 time-dependent problems. It has been widely-used in studying the functional 95 morphology of the human masticatory system.[29] 96 We based our FE model upon the following assumptions: 5 97
• The curve of Spee, as classically described by Ferdinand Graf von Spee (Fig 1) , 98 exists as a concave curve in the mandibular dental arcade, with an average radius of 99 approximately 100 mm [30] . A corresponding convex curve (compensating curve) 100 exists in the maxillary dental arcade.
101
• Both curves result from an interplay between tooth eruption, inhibition of tooth 102 eruption by axial occlusal loading, and mandibular movement during function.
103
• Maxillary and mandibular teeth erupt toward the occlusal plane at a continuous rate 104 (E C ).
105
• Occlusal loading occurs during mastication as the mandibular dental arcade rotates 106 around a center of rotation (C ROT ) that lies above the maxillary dentition. The position of 107 C ROT results from the spatial relationship of the condyles to the mandibular dental 108 arcade and the complex interaction between condylar head translation, condylar head 109 rotation, muscle tension, and ligament restriction.
110
• The inhibition of tooth eruption (a relative apical tooth movement) is a product of the 111 magnitude of occlusal loading at each point of occlusal contact in a direction normal to 112 the occlusal surface (F n ) integrated throughout the time this force is applied (T).
113
• Total tooth eruption (E TOTAL ) at any point along the maxillary and mandibular dental 114 arch is calculated as the difference between tooth eruption toward the occlusal surface The simulation was run until a steady-state curve was reached. The length of the 160 mandibular block rotation arc was chosen to allow a reasonable time to reach steady-161 state.
162
Results
163
Simulations of both models (C ROT = 100m and C ROT = 400 mm, in mp4 movie 164 format) may be observed at the web sites shown in Figure 3 . An application that allows 8 165 viewing of mp4 files is required (e.g. Windows Media Player®, QuickTime®, iTunes®).
166
To move quickly through the simulation, advance the time slider at the bottom from left 167 to right (see Fig 2A) .
168
As observed in the simulations, repetitive rotation cycles cause the surfaces of 169 the maxillary and mandibular blocks (representing the maxillary and mandibular 170 dentitions) to undergo a notable change that eventually reaches equilibrium. Two-171 dimensional rotation of the mandibular block against the stationary maxillary block 172 during simulated tooth eruption interacting with simulated tooth eruption inhibition, 173 resulted in curvature of the contacting block surfaces (i.e. occlusal surfaces) (Fig 3) .
174
Beginning with a flat occlusal surface, as the mandibular dentition undergoes a chewing 175 rotation about C ROT , a concave occlusal surface (curve of Spee) develops in the 176 mandible, and a compensating curve develops in the maxilla. When the rotation radius 177 of the mandibular block is smaller, the resulting maxillary and mandibular block curves 178 are deeper ( Fig 3A) . When the rotation radius of the mandibular block is larger, the 179 resulting upper and lower block curves are shallower ( Fig 3B) . the sagittal view = 40 mm. The rotation arc of approximately 3 mm is large compared to 189 that shown for humans (≈ 0.5 mm) in the sagittal plane [24, 25] , and was chosen to allow 190 a reasonable length of time for our simulation to reach steady state.
191
The principle finding of our pilot study is that the surfaces of the maxillary and 192 mandibular FE model blocks, in contact during simulation of human chewing in two 193 dimensions during which the forces of tooth eruption and tooth loading are also 194 simulated, transform from their original flat shape to a curved shape in the steady-state. 195 We find steady-state curve shape is dependent on the rotation arc radius of the The influence of the spatial relationship of the mandibular condyles to the dentition is 214 not well understood. Studies have suggested the horizontal distance between the 215 condyle and the dentition is inversely related to the depth of the curve of Spee. 216 [2, 5, 6, 11, 14, 17] One theoretical explanation for these observations suggests a shorter 217 horizontal distance between the condyle and the dentition necessitates a deeper curve 218 of Spee for greater mechanical advantage during chewing. [5, 6] Our FEM simulation 219 did not test this directly. A more complex FE model is required to address this question. 2. A shorter radius for the rotation arc of the mandibular dental arch results in more 230 deeply curved surfaces of the maxillary and mandibular dental arches. A larger radius 231 for the rotation arch of the mandibular dental arch results in shallower curved surfaces
